1. The effect of cholesterol feeding during and after a period of protein malnutrition lasting 4 weeks was examined in the rat. Indices measured were plasma total cholesterol, triglycerides and protein levels, and aorta total cholesterol, triglycerides, hexosamine and hydroxyproline concentrations.
casein 250 g, brewer's yeast 30 g, saline mixture of Osborne-Mendel 10 g, retinol 6000 pg, cholecalciferol50 pg, vitamin E 110 mg, vitamin K 50 mg, thiamin hydrochloride 21.9 mg, riboflavin 21.9 mg, calcium pantothenate 6.6 mg, biotin 0.44 mg, cyanocobalamin 0.03 mg, nicotinic acid 99 mg, pyridoxamine 21.9 mg, pteroylmonoglutamic acid 1.98 mg, myoinositol 109.9 mg, choline 1650 mg, p-aminobenzoic acid 110 mg.
The low-protein diet was casein-free and its protein content was derived only from the powdered milk. Equivalent energy was replaced by soya-bean oil and cellulose was added to increase the bulk. Although this low-protein diet contained about twice as much soya-bean oil as in the standard diet, it was considered to be a good experimental model to study the effects of varying levels of protein intake on arterial walls without changing plasma concentrations of total cholesterol, triglycerides and phospholipids (Bydlowski et al. 1981 b) .
Cholesterol-containing diets had 20 g cholesterol added/kg.
Design and analysis
Male Sprague-Dawley rats (21-d-old), weighing 45-50 g, were used. Immediately after weaning, the rats were separated into the following groups: (a) the standard-protein group. which received the standard-protein diet for 4, 6 and 8 weeks (groups S,, S, and S,): (b) the cholesterol group, which received the standard-protein diet with cholesterol for 4, 6 and 8 weeks (groups C,, C, and C,); (c) the low-protein group, which received the lowprotein diet for 4 weeks (group L); and (d) the low-protein high-cholesterol group, which received the low-protein diet with cholesterol for 4 weeks (group LC). At the end of the 4th week of treatment, some of the animals of group L were recovered by refeeding the standard-protein diet with or without cholesterol for 2 or 4 weeks (groups L -+ C,, L --+ C,. L -+ S, and L -+ S,); some animals of group LC, after the four treatment weeks, were also given the standard-protein diet with or without cholesterol for 2 or 4 weeks (groups LC + C,, LC -+ C,, LC -+ S, and LC + S,).
Rats were allowed free access to food and water, weighed once weekly and kept on a 12 h light-I2 h dark cycle at 23" room temperature.
At the end of each experimental period, rats were fasted for 16 h and then bled through the aorta under light diethyl ether anaesthesia. Plasma was separated by centrifugation and stored frozen until analysis. Total cholesterol (Rosenthal et al. 1957) , triglycerides (Carlson. 1963) and total protein (Lowry et al. 1951) were determined in the plasma samples. After washing with cold 0.157 M-potassium chloride the aorta was cleaned mechanically and drawn. Collagen (Fitch et al. 1955) and lipids (Folch et al. 1957) were extracted. Total cholesterol (Rosenthal et al. 1957; Deykin & Goodman, 1962) , triglycerides (Carlson, 1963) , hexosamine (Elson & Morgan, 1933 ; Rimington, 1940) , hydroxyproline (Newman & Logan, 1950) and total protein (Lowry et al. 1951) were determined in the extraction solutions.
Statistical evaluation of results was performed using the Scheffe test after analysis of variance, P < 0.05 being considered as statistically significant. Since the animals given the standard diet during 4-8 weeks showed no significant differences regarding the biochemical indices studied, all these animals were pooled into one single group (group S). As the biochemical values from animals at the beginning of the experiment (21-d-old) were similar to those from the control groups, they were not included. Table 1 shows the body-weight changes (weight at the end of the experiment minus the weight at the beginning) of the rats of each group. The gain in weight of animals given the standard-protein diet was constant and was directly related to the length of the experimental period (S4-S8), although the magnitude of the increase varied with each experimental period. Values for animals at different ages with different superscript letters were significantly different (P < 0.05).
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Values for groups at the same age with different superscript letters were significantly different (P < 0.05).
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The same occurred with rats given the standard-protein cholesterol diet (C4-C8). During cholesterol feeding, body-weights tended to be lower than those for rats fed on the standard-protein diet, but this was not significant. On the other hand, animals given the low-protein diet (L) showed a small increase in body-weight, while rats given the low-protein cholesterol diet (LC) did not exhibit a weight gain. This situation was reversed by refeeding the standard-protein diet, promoting an increase in body-weight which, by the end of the 4th week of recovery, reached the same value as that of rats from group S, (L -+ S, and LC -+ S, v. S,; P > 0.05). Although the rats refed on the standard-protein cholesterol diet also showed an increase in body-weight, at the end of the 4th week of recovery these values were lower than those promoted by the refeeding of the standard-protein diet without cholesterol. Table 2 shows the plasma levels of total cholesterol, triglycerides and total protein of rats given different diets. Plasma total cholesterol and triglycerides increased during cholesterol feeding, while plasma total protein decreased. These changes were not altered in magnitude by the time period ( 4 8 weeks) of cholesterol consumption. The low-protein diet (L) did not change total cholesterol and triglyceride in plasma, while it decreased plasma protein content. After this period, when malnourished rats were refed on the standard-protein diet for 2 weeks (L -+ S,), there was an increase in plasma concentrations of total cholesterol and triglycerides. At the same time the plasma total protein content increased, but did not return to basal levels. The same was observed when rats were refed on the standard-protein cholesterol diet for 2 weeks (L -+ C,), but under these conditions the increase in plasma lipid levels was more evident. After 4 weeks of protein refeeding (L-t S,), plasma total cholesterol and triglycerides decreased, returning to control values, while plasma total protein increased, reaching basal concentration during the same time. After 4 weeks of standard-protein cholesterol diet refeeding (L 4 C4), plasma total cholesterol and triglycerides remained elevated while plasma protein increased slowly, without reaching control levels during this period. The low-protein cholesterol diet (LC) promoted an increase in plasma total cholesterol and triglycerides, while total protein content decreased significantly more than the levels observed in group L ( P < 0.05). When these animals were refed on the standard-protein diet, plasma cholesterol and triglycerides decreased, reaching basal levels by the 4th week of recovery (LC -+ S4). This did not occur when the standard-protein diet was supplemented with cholesterol during the recovery period. AH the measured lipids were maintained at high levels by the 4th week (LC + C,). In relation to total protein levels, cholesterol supplementation during recovery had no effect. These levels increased by similar magnitudes in both groups, without reaching control values even at the 4th week of recovery. Table 3 shows the levels in the aorta of total cholesterol, triglycerides, hexosamine and hydroxyproline of rats given different diets. There was an increase in triglycerides and total cholesterol concentrations in the aortas of rats given the standard-protein cholesterol diet and the cholesterol levels increased relative to the time of experiment (4-8 weeks). Hydroxyproline content increased but was only significant in the 6th week of cholesterol consumption. The hexosamine levels decreased, with no relation to the experimental periods. Although the low-protein diet (L) promoted a decrease in total cholesterol, triglycerides, hexosamine and hydroxyproline in the aorta, only the decrease in hexosamine was significant. When these rats were refed on the standard-protein diet for 2 weeks (L -+ S2), there was an increase in arterial wall content of total cholesterol and triglycerides which was greater than the control values. Hexosamine levels also increased but did not reach control levels, while hydroxyproline did not change. Total cholesterol and triglycerides returned to control values in the 4th week of refeeding (L + S,). The same was observed with hexosamine content while, surprisingly, hydroxyproline levels decreased. When Table 2 . Plasma concentrations of total cholesterol, triglycerides and total protein of rats given standard-protein ( S ) or low-protein (L) diets with or without cholesterol (C) . Influence of dietary cholesterol on the recovery from a period of malnourishment ( malnourished rats were refed on the standard-protein cholesterol diet for 2 weeks (L -+ C2), :otal cholesterol, triglycerides and hexosamine contents in the aorta increased. By the 4th
week of recovery (L --f C,), total cholesterol and triglycerides continued to increase while hydroxyproline maintained the same concentration, as observed before, and hexosamine reached control values. The low-protein cholesterol diet (LC) promoted an increase in total cholesterol and triglycerides concentrations in the aorta. Hydroxproline levels decreased but this was not significant, while hexosamine decreased to a lesser extent (P< 0.05) than that observed in group L. When LC rats were refed on the standard-protein diet, aorta total cholesterol and triglycerides decreased but only total cholesterol reached control values by the 4th week of recovery (LC -+ S4). Hexosamine concentration increased and reached control levels also by the 4th week, while hydroxyproline decreased significantly when compared with the control group. When LC rats were refed on the standard-protein cholesterol diet, aorta cholesterol content remained high during the recovery period. Triglycerides levels, although decreased, also remained high. The hydroxyproline concentration again decreased during cholesterol feeding when compared with control values. Hexosamine levels showed a slow increase when compared with the values observed by refeeding the standard-protein diet without cholesterol, and did not reach control levels.
DISCUSSION
Rats given the low-protein diet (L) had a poor general appearance. Their livers exhibited macroscopic signs of steatosis and increased hepatic weight in relation to body-weight compared with controls of the same age (8.04 (SE 0.37, n 10) v. 4.03 (SE 0.21, n 8); P < 0.05). Also, their weight gain during this period was smaller than that of the controls. These results, together with the low plasma total protein content, show that a severe degree of malnutrition was obtained. The malnutrition promoted by the low-protein cholesterol diet (LC) was of a greater magnitude. This could be concluded by the plasma total protein concentration, the body-weight gain, and by the liver weight: body-weight value (1 1.04 (SE 0.73), n 10). The standard-protein cholesterol diet produced an increase in plasma total cholesterol and triglycerides and a decrease in plasma protein content, probably due to decrease in hepatic protein synthesis promoted by cholesterol feeding (Saito & Fillios, 1965) . This diet also led to an incease in triglycerides and total cholesterol concentrations in the aorta. The hydroxyproline levels increased slightly temporarily while the hexosamine levels decreased. The changes in aorta triglycerides and hexosamine appeared by the 4th week of cholesterol feeding, while the changes in total cholesterol were progressive. This indicates that cholesterol was necessary for a longer period of time for these changes to be processed. These findings confirm previous published reports (Bydlowski et al. 1981 a, 6) .
The effect of this low-protein diet on the studied biochemical indices in plasma and aorta have also been found in previous work, as well as the effect of the standard-protein diet given for 2 or 4 weeks following the low-protein diet period (Bydlowski et al. 1983 (Bydlowski et al. , 1984 . Although the low-protein diet promoted a decrease in plasma protein concentration, It appeared to have no significant effect on serum lipids. There seems to be considerable controversy regarding the effect of protein deficiency on serum lipid levels. Protein deficiency or dietary restriction was reported to decrease the levels of circulating cholesterol tSubbiah, 1977; Subbiah & Siekert, 1979) without any effect on serum triglyceride concentration. Similar dietary treatment in chickens either had the opposite effect (Fisher rt al. 1959) , leading to higher levels of plasma cholesterol, or had no effect on the serum cholesterol level (Nikkila & Ollila, 1957) .
With regard to the changes that occurred in the arterial wall, Subbiah (1977) and Subbiah & Siekert (1979) observed that there was a decrease in the total sterol content in the aorta of pigeons under conditions of protein deficiency or when the food supply was restricted. On the other hand, Little & Angel1 (1977) have reported that pigeons given a low level of dietary protein did not present any significant change in the cholesterol concentration in the wall of the aorta. In the present report, rats given the low-protein diet showed no significant decrease of total cholesterol and triglycerides concentrations in arterial wall, which could reflect the results found in plasma. There was also a decrease in hexosamine levels observed in the aorta while hydroxyproline did not change.
Up to now, underlying reasons for the variable effects of dietary protein intake on plasma and arterial wall lipids have not been clearly established. It is possible that the contradictory findings among investigators are due to differences in animal species or to the composition of the diets used in the experiments, or even to the experimental time period. In the present experiment soya-bean oil was used as a source of energy instead of protein; the low-protein diet had therefore a high lipid content. It has been demonstrated that increasing the amount of soya-bean oil in the diet does not affect plasma cholesterol levels in rats (Wiggers et al. 1977 ) and also does not change the cholesterol content in the aorta of rabbits (Richard et al. 1982) . Our findings confirm these results even when there was a lack of protein in the diet. Therefore, it is more likely that the observed effects in the aortic hexosamine levels are due to the lack of protein in the diet itself than to the increased content of soya-bean oil.
These alterations disappeared when the malnourished rats were refed on the standardprotein diet, as described previously (Bydlowski et al. 1984 ). The weight gain increased and, by the 4th week of recovery (L -+ S,), reached the same levels as those observed in group S,. After 2 weeks of protein restitution (L -+ S,) an increase of total cholesterol and tri-glycerides in plasma was observed, perhaps due to a faster mobilization of lipids from the liver. This point of view is supported in part by the fact that at the end of the protein recovery period (L -+ S,) there was a return of the previously high liver weight: body-weight value to control values (3-92 (SE 0.26, n 10) ). Also, the signs of previous fatty liver infiltration were clearly diminished. The increase in aorta total cholesterol and triglycerides observed in this period (L + S,) could be due to the increased level of plasma lipids at the same time. Other factors may be considered since in the standard-protein cholesterol fed rats, the cholesterol level in the aorta increased more slowly, becoming significant only after 4 weeks (C,) of cholesterol feeding. After 4 weeks of standard-protein refeeding after protein deprivation (L -+ S,), plasma protein returned to basal levels while lipid levels were restored to control values in both plasma and arterial walls. Nevertheless, when arterial hexosamine content increased, returning toward control values, the hydroxyproline level decreased. The changes observed in hydroxyproline levels could be due to an increase in aorta total protein content (Bydlowski et al. 1984) , possibly due to the low turnover of collagen in arteries.
When rats were recovered from the malnutrition period (L) by using the standard-protein cholesterol diet, the increase of plasma total cholesterol and triglycerides was higher than that observed in groups recovered without cholesterol in the diet. These lipids remained at high levels until the conclusion of the experiment (L -+ C,). At the same time plasma protein, although increased, remained at levels below those of the control, indicating that the plasma protein decreasing effect was promoted by cholesterol feeding. In aorta, total cholesterol and triglycerides levels increased slowly in relation to rats refed on the standardprotein diet alone. The underlying reason for this effect is not known. Aorta hexosamine levels increased during refeeding and, although the levels by the 4th week of recovery (L -+ C,) were lower than those of the controls, this difference was not significant. Aorta hydroxyproline did not change.
The low-protein cholesterol diet (LC) led to an increase of plasma total cholesterol and triglycerides levels. This effect cannot be attributed to an increase in cholesterol absorption (Corraze et al. 1984) . It is probable that the lipid catabolism was affected, perhaps by liver impairment. The cholesterol added to the low-protein diet (LC) exacerbated the total protein decrease in plasma promoted by the low-protein diet without cholesterol (L) (P < 0.05), showing again that cholesterol feeding reduces plasma protein levels. In the aorta, this low-protein cholesterol-containing diet (LC) led to higher total cholesterol and triglycerides levels than those promoted by the standard-protein cholesterol diet in the same period of time (C,) (P < 0.05). Aorta hydroxyproline levels decreased in the LC group, although not significantly, while the decrease in aorta hexosamine concentration was less than that observed in group L (P < 0.05). The effect of cholesterol added to the standard-protein diet when it promoted a decrease in hexosamine was greater than that observed when it was added to the low protein diet, in the same period of time (P < 0.05).
Therefore, it appears that cholesterol feeding acts in different ways depending on whether or not protein is present in the diet in adequate amounts.
In the group of rats recovered from 4 weeks on the low-protein cholesterol diet the same conclusions can be drawn. Cholesterol feeding during recovery maintained high levels of plasma cholesterol and triglycerides, while rats given the cholesterol-free diet during the recovery period showed a return of these lipids to control values by the 4th week (LC -+ S,). Interestingly, the plasma total protein did not reach control values, unlike those in the L -+ S, group, independently of the presence of cholesterol in the diet. Possibly, cholesterol feeding during the malnutrition period (LC) was responsible for this delayed effect. In the aorta, cholesterol feeding during recovery maintained the high levels of cholesterol (LC + C,) while these levels returned to control values in the absence of cholesterol in the https://www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19860037 Downloaded from https://www.cambridge.org/core. IP address: 54.70.40.11, on 15 Nov 2018 at 01:47:02, subject to the Cambridge Core terms of use, available at recovery diet (LC + S4). Aorta triglycerides levels remained high, although slightly decreased, independent of the presence of cholesterol in the diet during the recovery period (LC + S, or LC -+ C,). This is probably due to the great amount of aorta triglycerides stored during the malnutrition period (LC).
Hexosamine levels in aorta increased during the recovery period, but reached control values only when cholesterol was not supplemented in the diet (LC + S4). When rats were given cholesterol during this period, hexosamine did not reach control values (LC -+ C4), indicating again the decreased effect of dietary cholesterol in aorta hexosamine levels. Interestingly, a decreasing effect of cholesterol feeding was seen on aorta hydroxyproline levels. Since, during the recovery period, cholesterol feeding increases aorta total protein (Bydlowski et al. 1984) , different increasing rates between protein and hydroxyproline levels could explain the results. In other words, the increase in the aorta protein content during recovery was faster than the aorta hydroxyproline (Bydlowski et al. 1984) , and this difference led to a relative decrease in the hydroxyproline levels. This also could explain the transitory effect of cholesterol (C,) on the hydroxyproline levels, since it was also shown that dietary cholesterol increases aorta total protein levels a) faster than the hydroxyproline concentration.
In conclusion, the present study shows that cholesterol feeding promotes different changes in the studied biochemical indices in aorta and plasma, depending on whether or not protein was supplied by the diet in adequate amounts. If adequate protein is supplied, cholesterol feeding leads to an increase in plasma and aorta total cholesterol and triglycerides, a decrease in plasma protein and aorta hexosamine and tends to increase the aorta hydroxyproline. If protein is not present in adequate amounts in the diet, supplemental cholesterol feeding promotes a higher level of lipids in the plasma and in the aorta, a greater decrease in total protein in plasma and produces a smaller decrease in aorta hexosamine. Subsequent cholesterol addition during the recovery period interferes with the re-establishment of control values, at least during these experimental periods.
Further questions still remain. Is there, during the recovery of undernutrition in humans, d high atherogenesis? If so, what course of dietary treatment should be recommended for the recovery period from human undernutrition to prevent this kind of development?
